Many distinct regions of 3p show frequent allelic losses in a wide range of tumour types. Previously, the BLU candidate tumour suppressor gene (TSG) encoded by a gene-rich critical deleted region in 3p21.3 was found to be inactivated rarely in lung cancer, although expression was downregulated in a subset of lung tumour cell lines. To elucidate the role of BLU in tumorigenesis, we analysed BLU promoter methylation status in tumour cell lines and detected promoter region hypermethylation in 39% lung, 42% breast, 50% kidney, 86% neuroblastoma and 80% nasopharyngeal (NPC) tumour cell lines. Methylation of the BLU promoter region correlated with the downregulation of BLU transcript expression in tumour cell lines. Expression was recovered in tumour cell lines treated with 5-aza 2-deoxycytidine. Exogenous expression of BLU in neuroblastoma (SK-N-SH) and NSCLC (NCI-H1299) resulted in reduced colony formation efficiency, in vitro. Furthermore, methylation of the BLU promoter region was detected in primary sporadic SCLC (14%), NSCLC (19%) and neuroblastoma (41%). As frequent methylation of the RASSF1A 3p21.3 TSG has also been reported in these tumour types, we investigated whether BLU and RASSF1A methylation were independent or related events. No correlation was found between hypermethylation of RASSF1A and BLU promoter region CpG islands in SCLC or neuroblastoma. However, there was association between RASSF1A and BLU methylation in NSCLC (P ¼ 0.0031). Our data suggest that in SCLC and neuroblastoma, RASSF1A and BLU methylations are unrelated events and not a manifestation of a regional alteration in epigenetic status, while in NSCLC there may be a regional methylation effect. Together, these data suggest a significant role for epigenetic inactivation of BLU in the pathogenesis of common human cancers and that methylation inactivation of BLU occurs independent of RASSF1A in SCLC and neuroblastoma tumours.
Many distinct regions of 3p show frequent allelic losses in a wide range of tumour types. Previously, the BLU candidate tumour suppressor gene (TSG) encoded by a gene-rich critical deleted region in 3p21.3 was found to be inactivated rarely in lung cancer, although expression was downregulated in a subset of lung tumour cell lines. To elucidate the role of BLU in tumorigenesis, we analysed BLU promoter methylation status in tumour cell lines and detected promoter region hypermethylation in 39% lung, 42% breast, 50% kidney, 86% neuroblastoma and 80% nasopharyngeal (NPC) tumour cell lines. Methylation of the BLU promoter region correlated with the downregulation of BLU transcript expression in tumour cell lines. Expression was recovered in tumour cell lines treated with 5-aza 2-deoxycytidine. Exogenous expression of BLU in neuroblastoma (SK-N-SH) and NSCLC (NCI-H1299) resulted in reduced colony formation efficiency, in vitro. Furthermore, methylation of the BLU promoter region was detected in primary sporadic SCLC (14%), NSCLC (19%) and neuroblastoma (41%). As frequent methylation of the RASSF1A 3p21.3 TSG has also been reported in these tumour types, we investigated whether BLU and RASSF1A methylation were independent or related events. No correlation was found between hypermethylation of RASSF1A and BLU promoter region CpG islands in SCLC or neuroblastoma. However, there was association between RASSF1A and BLU methylation in NSCLC (P ¼ 0.0031). Our data suggest that in SCLC and neuroblastoma, RASSF1A and BLU methylations are unrelated events and not a manifestation of a regional alteration in epigenetic status, while in NSCLC there may be a regional methylation effect. Together, these data suggest a significant role for epigenetic inactivation of Introduction Allelic losses on the short arm of chromosome 3 are the most frequent genetic alterations detected in many sporadic human cancers, including lung, kidney, breast, ovary and neural crest-derived tumours (Ejeskar et al., 1998; Fullwood et al., 1999; Martinez et al., 2000 Martinez et al., , 2001 Wistuba et al., 2000; Maitra et al., 2001) . Detailed studies on loss of heterozygosity (LOH) have identified several distinct 3p loci likely to contain tumour suppressor genes (TSGs), 3pl2, 3pl4, 3p21.3 and 3p25-26. The VHL tumour suppressor gene (TSG) maps to 3p25 and is inactivated in a majority of sporadic renal cell carcinomas, but inactivation of VHL TSG is rare in other tumour types showing frequent 3p LOH (Latif et al., 1993; Gnarra et al., 1994; Herman et al., 1994; Sekido et al., 1994; Foster et al., 1995; Clifford and Maher, 2001) . This suggests that 3p may contain multiple TSGs important in one or more tumour types. 3p21.3 is one of two main lung cancer TSG regions (LCTSGR1), the other being 3pl2 (LCTSGR2) (Sundaresan et al., 1998) . Overlapping homozygous deletions in lung and breast tumour cell lines have narrowed the minimal critical region in 3p21.3 to 120 kb (Wei et al., 1996; Sekido et al., 1998; Lerman and Minna, 2000) . This region was cloned and sequenced as part of a 600 kb cosmid contig coding for 19 genes. Eight genes were located within the 120 kb minimal region including alpha-2 delta-2 calcium channel subunit, PL6, 101F6, NPRL2/G21, BLU, RASSF1, FUS1 and LUCA2 (Lerman and Minna, 2000) . Several of these genes, including isoform A of RASSF1 and BLU, are downregulated in lung tumour cell lines. However, extensive mutation analysis in a large panel of sporadic lung and breast tumours and tumour cell lines did not identify any of these candidate genes as classical TSGs (Angeloni et al., 2000 (Angeloni et al., , 2001 Lerman and Minna, 2000; Honorio et al., 2001) . Recently, a new paradigm was set by the identification of RASSF1A as a TSG based on the frequent methylation inactivation of its promoter region in a wide range of tumour types and inhibition of the malignant phenotype in both in vitro and in vivo assays (Dammann et al., 2000; Agathanggelou et al., 2001; Burbee et al., 2001) . This evidence is supported by the reactivation of RASSF1A in tumour cell lines treated with demethylating agents. Many other known TSGs are inactivated by methylation of their promoter regions such as VHL, pl6
INK4a and RB1 but these genes, unlike RASSF1A, are also frequently inactivated by somatic mutations.
Epigenetic inactivation of RASSF1A occurs in 72% of SCLC and this correlates well with the frequency of LOH in this region . However, RASSF1A methylation is detected less often in other tumour types with frequent 3p LOH (e.g. NSCLC), suggesting that one or more of the other 3p21.3 genes may be important in the pathogenesis of non-SCLC tumours. BLU is a candidate 3p21.3 TSG immediately upstream of RASSF1. The BLU gene was isolated using PCR primers to screen a cosmid contig (containing the critical region for a lung TSG) for the presence of b-catenin gene, which had been assigned to 3p21.3. The sequence analysis of the PCR product obtained using b-catenin gene showed no sequence homology to b-catenin. The PCR product was used to screen a cDNA library identifying the BLU gene .
Two isoforms of BLU are generated by alternative splicing and are referred to as the lung (12 exons) and testis (11 exons) isoforms after the cDNA libraries from which they were cloned ( Figure 1a) . BLU shares 30-32% identity with proteins of the MTG/ETO family of transcription factors and the suppressins, which are thought to regulate entry into the cell cycle. Compared with the lung isoform (440 amino acids) of BLU, the testis isoform (435 amino acids) has a different sequence of amino acids at positions 199-234 resulting in the loss of one of the three PKC phosphorylation sites. The mouse ortholog has 87% identity at the cDNA level and 89% at the protein level. The CG11253 gene product is the fly ortholog and is 49% identical in amino-acid sequence (Figure 1b) . However, no true orthologs are present in yeast and worm proteomes.
The promoter region of BLU is associated with a predicted CpG island and BLU is abundantly expressed in normal lung tissue. However, expression is drastically reduced in a subset of lung tumour cell lines. Missense mutations have been detected in only 3/61 (4.9%) lung cancer cell lines. Therefore, we have investigated the possibility that hypermethylation of the BLU promoter region is involved in the downregulation of BLU expression in tumour cell lines and we have used a functional assay to examine the candidacy of BLU as a 3p21.3 TSG.
Results
Tissue distribution of BLU PCR amplification was used to determine the relative abundance of BLU transcript in a multiple tissue cDNA panel (Clontech panels I and II) . BLU is well represented in cDNA from brain, lung, liver, kidney, pancreas, testis and ovary (Figure 2 ). Low-to-moderate levels of BLU expression was detected in cDNA from heart, placenta, spleen, thymus, prostate, small intestine, colon and peripheral blood; control GAPDH data are not shown.
Detection of methylation of the BLU promoter region in tumour cell lines
A 12 kb region upstream of the BLU genomic locus was analysed using promoter prediction programs. Using the PromoterInspector software (Genomatix), a promoter region À311 to À67 bp of the BLU translational start was predicted. Furthermore, the transcriptional start of BLU is predicted to begin À178 bp by the TSSW program (Transcription Start Site, Wingender database, Nix software, UK HGMP Resource Centre). A CpG island (fulfilled the criteria of a GC content >0.5 and an observed : expected CpG ratio of 0.81) overlapping these sites (À309 to +126 bp) was predicted using GRAIL/CpG (Nix software, UK HGMP Resource Centre). The methylation status of the above CpG island was analysed in tumour cell lines and primary tumours.
DNA from a panel of 54 lung, six breast, six kidney, seven neuroblastoma and five NPC tumour cell lines was modified with sodium bisulphite. The methylation status of the BLU promoter region was determined by either combined bisulphite restriction analysis (COBRA) and/ or methylation-specific PCR (MSP) analysis as described in Materials and methods. The modified methylated sequence of the BLU promoter region and COBRA/MSP primer locations are shown in Figure 3a . Methylation of the BLU promoter region CpG island was detected in 21/54 (39%) of lung, 3/7 (42%) breast, 3/6 (50%) kidney, 6/7 (86%) neuroblastoma and 4/5 (80%) NPC cell lines (Figure 3b ). In all cases undigested (for COBRA) or unmethylated (for MSP) PCR product remained, indicating that cell lines were partially methylated. COBRA PCR products were cloned and sequenced (for each tumour cell line four to six clones were sequenced) to verify the methylation status of the cell lines and to determine the pattern of CpG island methylation ( Figure 3c ). In all TaqI digestion positive cell lines, the majority of the CpGs were methylated.
Effect of promoter region methylation on the expression of BLU in tumour cell lines RT-PCR was used to compare the expression levels of BLU in tumour cell lines with and without BLU promoter methylation. Figure 4a shows that expression of BLU is reduced in cell lines where methylation of the BLU promoter region is detected. To determine the relation between BLU promoter methylation and BLU expression, three neuroblastoma (SK-N-SH, SK-N-AS and Kelly) and one lung cancer cell lines (NCI-H187), all partially methylated, were treated with Figure 2 Tissue expression profile of BLU. In total, 2 mg of cDNA from each of the tissues indicated (MTC panel I and II, Clontech) was PCR amplified using BLU-specific primers to determine the relative abundance of BLU transcripts in various cell types the demethylating agent 5-aza-2-deoxycytidine for 6 days. Demethylation increased the expression of BLU in the partially methylated cell lines, but had no effect in the unmethylated control cell line SK-N-MC (Figure 4b,c) .
BLU promoter region methylation in primary tumours
In view of the effect of promoter region methylation on the expression of BLU in tumour cell lines, we proceeded to determine the methylation status of BLU in sporadic lung and neuroblastoma tumours. BLU methylation was detected in 4/29 (13.7%) SCLC, 26/145 (18.6%) NSCLC and 20/49 (40.8%) neuroblastomas, Figures 3c and 5. While no methylation was detected in corresponding blood or fibroblast DNA from neuroblastoma patients, BLU promoter region methylation was detected in 1/10 of corresponding normal lung tissues from lung cancer patients, the corresponding tumour sample was also methylated for BLU. The unmethylated allele was amplified in all c ases either as a consequence of normal cell contamination as none of the tumour samples were microdissected or because of partial methylation as seen in tumour cell lines. 
Inhibition of colony formation by BLU in tumour cell lines
Colony formation assays were used to test for the growth-inhibitory effect of exogenously expressed BLU in lung and NB tumour cell lines. Empty plasmid pcDNA3.1 or pcDNA3.l containing the full open reading frame of BLU (lung isoform Accession number U 70824) was transfected into the lung NCI-H1299 (homozygous for multiple 3p21.3 region markers) and neuroblastoma SK-N-SH (partially methylated for BLU) tumour cell lines. NCI-H1299 was also transfected with a vector containing wtp53 as a positive control for the inhibition of colony formation. Cells were selected with geneticin (G418), 48 h after transfection, and resistant colonies developing 12-21 days later were stained with 0.4% crystal violet. The number of G418-resistant colonies after transfection with wtp53 was reduced by 84% in NCI-H1299 (n ¼ 9). Colony formation efficiency after transfection with BLU was reduced by 75% in SK-N-SH (n ¼ 5) cells and 49% in , showing that BLU expression is recovered after treatment with 5-aza-2-deoxycytidine. Transcripts for BLU and GAPDH were amplified using genespecific primers and Ready-To-Go RT-PCR beads (Amersham Pharmacia). Cells were seeded at 30% confluency and incubated for 6 days in 10% FCS/DMEM with and without 10 mm 5-aza-2-deoxycytidine. RNA was extracted using RNeasy kit (Qiagen) and 2 mg of RNA was used in each RT-PCR: À, before 5-aza treatment; +, after 5-aza treatment 
Correlation between BLU and RASSF1A CpG island methylation
In previous studies, we had determined the methylation status of RASSF1A in the same series of SCLC and NSCLC primary tumours Burbee et al., 2001) , and RASSF1A and CASP8 in neuroblastoma (Astuti et al., 2001) . Therefore, we looked for any correlation in the methylation of these genes with methylation of BLU. There was no correlation between the methylation of BLU and RASSF1A in SCLC or neuroblastoma or between BLU and CASP8 in neuroblastoma (Figure 7) . However, there was significant association between RASSF1A and BLU methylation in our series of NSCLC (P ¼ 0.0031). In earlier studies, we had analysed methylation status of RARB, TIMP-3, pl6, MGMT, DAPK, ECAD, pl4 and GSTP1 in the same series of primary NSCLC. Methylation status of BLU was independent when compared with the methylation status of the above eight genes.
In neuroblastoma samples, there was no correlation detected between BLU methylation status and N-myc amplification, 1 p deletion, 17q gain or survival (Table 1) (Ejeskar et al., 1998) . However, lower stage neuroblastomas (stages I, II, IVS) were more frequently methylated for BLU compared to higher stage tumours (stages III, IV), P ¼ 0.025.
Discussion
We have investigated tumour cell lines for the epigenetic inactivation of BLU. Methylation of the BLU promoter region was detected in 39% lung, 42% breast, 50% kidney, 86% neuroblastoma and 80% NPC tumour cell lines, and this correlated with the downregulation of BLU expression. Conversely, the expression of BLU was reconstituted in tumour cell lines treated with 5-aza-2-deoxycytidine supporting the role of DNA methylation in the transcriptional repression of BLU. Although we did not find a tumour cell line that had complete absence of BLU expression, a recent article by Yan et al. (2002) demonstrates that small changes in the expression of the APC TSG can lead to the development of familial adenomatous polyposis. Methylation of the BLU promoter region was also detected in primary tumours 14% SCLC, 19% NSCLC and 41% neuroblastoma. It was interesting that BLU methylation in neuroblastoma was inversely correlated with stage, but was not correlated with survival; it is very likely that larger studies are required to determine the effect on survival.
The BLU promoter region is within 6 kb of the RASSF1A promoter. However, we found that there was no correlation between BLU and RASSF1A methylation in SCLC and neuroblastoma primary tumours, suggesting that inactivation of BLU is an independent event and not the result of methylation of the 3p21.3 region. Gene NPRL2/G21 (Lerman and Minna, 2000) is located just centromeric to BLU (while RASSF1 is located telomeric to BLU) and also has a CpG island. Our preliminary data indicate that in neuroblastomas where BLU is methylated, NPRL2/G21 is unmethylated. Hence, another indication that BLU promoter region CpG island methylation in neuroblastoma is a specific Figure 6 Growth-suppressive effect of BLU in lung (NCI-H1299) and NB (SK-N-SH) tumour cell lines. In each case, the number of G418-resistant colonies from vector-transfected cell lines was set at 100%. Error bars represent the standard deviation of at least three separate experiments, each calculated from triplicate plates Figure 7 Comparative analysis of methylation in neuroblastoma. Shown for 49 NB cases are comparative analysis of BLU methylation, RASSF1A methylation and CASP8 methylation. Dark grey bars represent a methylated case, white bars represent nonmethylated cases. Dashed grey bars indicate unavailable data event and is not because of methylation of the 3p21.3 region. Also, there was no correlation between BLU and CASP8 methylation in neuroblastoma. However, we did find a significant association between RASSF1A and BLU methylation status in NSCLC (P ¼ 0.0031), suggesting that in NSCLC there may be a regional alternation in epigenetic status. It is interesting to note that in the two neural crest-derived tumours (SCLC and NB), there was no association between RASSF1A and BLU methylation status. In two tumour cell lines (an NB and an NSCLC) with partial endogenous BLU expression, exogenous overexpression of BLU reduced colony formation efficiency by 49-75%. These results indicate that overexpressed BLU has growth suppressor activity in neuroblastoma and lung cancer cells.
BLU contains a predicted MYND domain at its Cterminus that shares 45% identity with the MYND domains found in important transcription regulatory proteins such as ETO(MTG8) (Wolford and Prochazka, 1998) , suppressins (LeBoeuf et al., 1998), BS69 (Masselink and Bernards, 2000) and the Drosophila developmental proteins DEAF-1 (Michelson et al., 1999) and nervy (Feinstein et al., 1995) . The MYND motif is essential to the function of many of these proteins. The AML/ETO fusion protein functions as a transcriptional repressor of AML-1B-dependent transactivation of TCRB, interleukin 3, GM-CSF, neutrophil protein 3 and MDR-1 promoters. Mutation of the AML/ETO MYND domain is sufficient to impair repression of the basal transcription of MDR-1 (Lutterbach et al., 1998) . Furthermore, the AML/ETO-MYND domain has been shown to interact with the corepressor N-CoR that represses transcription by recruiting histone deacetylases (Amann et al., 2001) . The potential TSG and transcriptional repressor, BS69, has a MYND domain that has been shown to bind oncoviral proteins such as El A and EBNA2 (Ansieau and Leutz, 2002) . Deletions in E1A and EBNA2, which block interaction with BS69, are nontransforming. This suggests that abrogation of BS69 function through interaction with the MYND domain is important in tumorigenesis. Hence, BLU as an MYND domain containing protein is likely to be involved in important transcriptional regulation pathways. Coupled with our findings that BLU is epigenetically inactivated in a significant proportion of tumour cell lines and in a subset of primary sporadic tumours, and has an inhibitory growth effect in vitro, we postulate that BLU is a likely candidate 3p21.3 TSG involved in the development of several common sporadic tumour types.
Materials and methods

Patients and samples
DNA from a total of 174 lung tumours (29 SCLC and 145 NSCLC with corresponding normal tissue from 10 cases) and 54 lung tumour cell lines was used, these samples have been described in earlier publications Burbee et al., 2001) . The primary tumours and corresponding normal tissue were either obtained at autopsy or by operation. DNA from primary tumour tissue from 40 neuroblastomas and corresponding normal tissue (fibroblast or blood sample) were used, this material has been described previously (Ejeskar et al., 1998) . DNA from five NPC cell lines (CNE1, CNE2, Ml, SUNE1 and NPC 391) were obtained from Dr Po Wing Yuen.
Cell lines
A total of 34 lung tumour cell lines including (A549, H460,  H1299, H82, H1092, H1105, H1184, H1284, H1304, H1436,  H1522, H1618, H1628, H1672, H60, H69, H128, H187, H209,  H250, H345, H378, H417, H592, H711, H719, H740, H748,  H841, H845, H889, H290, 
Bisulphite modification
Bisulphite modification of DNA was performed as described . Briefly, 0.5-1.0 mg of genomic DNA was denatured in 0.3 m NaOH for 15 min at 371C and then unmethylated cytosine residues were sulphonated by incubation in 3.12 m sodium bisulphite (pH 5.0) (Sigma)/5 mm hydroquinone (Sigma) in a thermocycler (Hybaid) at 991C/30 s and 501C/15 min for 20 cycles. The sulphonated DNA was recovered using the Wizard DNA cleanup system (Promega) in accordance with the manufacturer's instructions. The conversion reaction was completed by desulphonating in 0.3 m NaOH for 10 min at room temperature. DNA was ethanol precipitated and resuspended in water.
COBRA and MSP
DNA sequences specific for the BLU promoter region were amplified using primer sets for COBRA and MSP as described in Table 1 .
The conditions for PCR amplification with the COBRA primer set were 1 Â PCR buffer (Invitrogen), 0.25 mm dNTPs, 1.5 mm MgCl 2 , 0.4 mm forward/reverse primers, 100 ng bisulphite-modified DNA in a 50 ml reaction volume. The reaction mix was overlaid with mineral oil, and incubated at 951C/5 min for one cycle during which 5 units of DNA polymerase (Invitrogen) were added and then incubated at 951C/min, 551C/min, 721C/2 min for 40 cycles. Methylated cytosine residues were identified by restriction enzyme digestion and by sequencing of cloned PCR products. Briefly, 16 ml of PCR product was incubated with 20 units of TaqI (Roche) (New England BioLabs) for 2 h at 651C. The restriction enzyme digestion products were then visualized by separation in a 2% agarose gel stained with ethidium bromide. PCR products were cloned using an AT-cloning kit (Promega) in accordance with the manufacturer's instructions and sequenced using Big Dye (versionII) sequence cycling kit (Perkin-Elmer).
BLU-specific MSP was performed using a 25 ml reaction volume containing 150 ng bisulphite modified DNA, 1 Â PCR buffer, 0.16 mm dNTPs, 1.5 mm MgCl 2 , 0.6 mm each primer and 1 unit HotStart Taq (Invitrogen). The reaction mixture was incubated at 951C for 12 min, followed by six touchdown cycles of 951C/20 s, X1C/40 s, 721C/20 s (Umsp X ¼ 661C, msp X ¼ 721C), XÀ11C per cycle and then 30 cycles of 951C/20 s, XÀ61C/30 s, 721C/30 s.
DNA and RNA extraction
DNA and RNA were prepared using the DNeasy and RNeasy kits (Qiagen), respectively, in accordance with the manufacturer's instructions.
RT-PCR
RT-PCR amplification of BLU-and GAPDH-specific transcripts was carried out using primers described in Table 1 , 0.5 mg of RNA and Ready-To-Go RT PCR beads (Amersham) in accordance with the manufacturer's instructions. The semiquantitative RT-PCR approach used, compared the expression levels of BLU with that of the housekeeping gene GAPDH. A range of cycles was employed to determine the number needed to detect specific RT-PCR product while still in the exponential phase of the amplification of both genes. The ethidium bromide signal obtained during this phase of the RT-PCR was then compared to give a ratio of BLU: GAPDH representative of the levels of these transcripts in the RNA isolate. By comparing the ratios obtained before and after 5-aza-2-deoxycytidine treatment, the effect of promoter demethylation on the expression of BLU was determined. Figure 4b clearly shows that the BLU signal from 5-aza-2-deoxycytidine treated SK-N-SH cells has almost reached a plateau at 30 cycles, whereas the signal from the untreated cells is much weaker.
Transfection and colony formation assays
Transfection with Fugene 6 reagent (Roche) used l mg of each plasmid in a 3 : 1 ratio per 35 cm 2 dish containing 5 Â l0 4 cells seeded 24 h before transfection. At 48 h after transfection, cells were supplemented with 600-800 mg/ml G418 BME basal medium or DMEM medium with 10% fetal bovine serum (Life Technologies GIBCO). Surviving colonies were counted 12-21 days later after staining with 0.4% crystal violet.
Statistical analysis
Comparisons were made using Fisher's exact test or w 2 test as appropriate. P values o0.05 were taken as statistically significant. 
